Antibodies directed against immune checkpoints, such as programmed cell death-1 (PD-1) and Cytotoxic T-Lymphocyte Associated Protein 4 (CTLA-4), produce previously unseen and potentially durable responses in patients with melanoma, non-small cell lung cancer, kidney cancer, tumors with mismatch-repair deficiency and other cancers. However, most patients never respond (intrinsic resistance) to these therapies or experience disease progression after an initial response (acquired resistance) [1] . A fundamental challenge in the field is the identification of biomarkers that predict response or resistance to these immune checkpoint inhibitors (ICI) to better stratify patients to potentially efficacious therapies. While expression of PD-L1 (by immunohistochemistry), tumor mutational burden (TMB) [2] , pre-existing T cell infiltration [3] , and gene signatures [4] have emerged as helpful predictors in specific contexts, better biomarkers are needed. Blood-based biomarkers provide easy access and would be preferable in particular for sequential sampling. In this issue of EBioMedicine, Han et al., performed mass cytometry and flow-cytometry analysis of peripheral blood mononuclear cells (PBMCs) sequentially sampled in cancer patients who received anti-PD-1 therapy and propose a predictive role of CXCR3 on T cells [5] .
Using a 34-marker 'cytometry by time of flight' (CyTOF) panel, the authors first find significant changes of multiple immune subsets when comparing sequential on-treatment specimens of two melanoma patients receiving anti-PD-1 therapy, including a several-fold increase of CD4 + CXCR3 + and CD8 + CXCR3 + T cells. Interestingly, a sharp increase in these populations was followed by a marked reduction by the third ICI infusion, and this pattern was not observed for other immune cell subsets. Such dy-namic changes in CXCR3 + T cells were also observed in patients with esophageal, rhinopharyngeal and gallbladder cancer. To further interrogate the relevance of this observation, the authors performed flow-cytometry in 40 blood samples, including 29 from responders (defined as either stable disease [SD] or partial response [PR]) and 11 non-responders (progressive disease [PD]) to ICI, and find that non-responders had an increased level of CD4 + CXCR3 + and CD8 + CXCR3 + T cells. In a previous study, Krieg et al. performed CyTOF on PBMCs of 20 melanoma patients before and 12 weeks following initiation of therapy [6] . They found that a higher frequency of classical monocytes (CD14 + CD16 −HLA-DR hi ) was a predictor for response to ICI, highlighting the value of using this approach to define subsets of patients that may or may not respond. In the same study, CXCR3 was also measured, although only at a later time point compared to Han et al., and appeared to be enriched in the non-responders, consistent with the current study.
In Han et al., sequential PBMC collections were available for a subset of patients treated with anti-PD-1 therapy. Persistence of CD4 + CXCR3 + and CD8 + CXCR3 + T cells was associated with drug resistance, while an initial increase followed by a drop in this subset was found in patients with clinical response to anti-PD-1 therapy. How might this dynamic abundance of CXCR3-expressing T cells predict ICI response?
CXCR3 is a highly expressed chemokine receptor that is activated by interferon-(IFN)-γ inducible ligands CXCL9, CXCL10 and CXCL11. CXCR3 is rapidly induced and expressed in activated CD8 effector T cells and CD4 T helper cells (Th1) and plays an essential role in the migration into lymphoid and peripheral tissues [ 7 , 8 ] . The authors therefore speculate that while initially induced, the fraction of CXCR3-expressing T cells may drop because cells migrate into the tumor, and the inability to do so may result in persistence in circulation. To begin addressing this hypothesis, the authors treated B16F10 tumor bearing animals (which are typi- cally resistant to anti-PD-1 monotherapy) with an anti-CXCR3 antibody with or without concurrent anti-PD-1 therapy, which resulted in accelerated tumor growth. In contrast, intra-tumoral injection of recombinant CXCR3-ligands CXCL9/CXCL10 and concurrent anti-PD-1 therapy resulted in (moderately) reduced tumor growth. While this experiment did not conclusively prove the point of CXCL9/10-CXCR3 axis dependent T cell migration into the tumor, it indicates that the presence of CXCR3-expressing T cells within the tumor may be important for promoting a response to anti-PD-1 therapy. Indeed, a recent study by Chow et al. , using MC38 (a murine colorectal cancer cell line sensitive to anti-PD-1 therapy) in CXCR3 −/ − mice, demonstrates that expression of CXCR3 on T cells is not necessary for tumor infiltration, but important for promoting a tumor specific response when treated with anti-PD-1 therapy [9] . This effect was mediated by CXCL9 secretion by CD103 + dendritic cells; in line with prior studies, an increase of (serum) CXCL9/CXCL10 correlated with response to ICI in an independent set of melanoma patients. In contrast, adoptively transferred T cells require CXCR3 to enter the established tumor [10] . While different experimental models and stages of tumor development may explain some of these differences, the presence of CXCR3-expressing T cells may improve response to immunotherapies through one or more mechanisms. Overall, this study by Han et al. is limited by the relatively small patient numbers (in particular those with sequential specimens) and the need for further mechanistic evaluation, but it supports previous work highlighting the role of CXCR3 (and its ligands) in modulating response to ICI. It furthermore contributes a translational experience using blood biomarkers for predicting response to ICI. In light of previously published work, this study further supports a potential therapeutic role for augmentation of CXCR3 signaling in cancer immunotherapy.
